Introduction
Transmissible spongiform encephalopathies are a family of fatal, neurodegenerative diseases that includes scrapie of sheep, bovine spongiform encephalopathy (BSE) of cattle, chronic wasting disease (CWD) in cervids and Creutzfeldt-Jakob disease (CJD) in humans. These diseases are characterised by astrocytic gliosis, neuronal apoptosis and deposition of an abnormally folded isoform of the host encoded prion protein, PrP C [1] .
PrP C is a small, cell surface glycoprotein, which is soluble in detergents and is proteasesensitive [2] . By contrast, the abnormal form, PrP Sc , is insoluble in detergents and partially protease resistant, leading to accumulation of the protein in amyloid plaques and fibrils during disease. PrP Sc is also believed to constitute the majority, if not all of the infectious agent in TSE diseases [3, 4] . PrP C is translated as a polypeptide of around 250 amino acids (depending on species) and contains two signal peptides, which are cleaved during post-translational processing [5] . An N-terminal signal peptide directs the protein to the endoplasmic reticulum (ER) for export, via the secretory pathway, to the outer leaflet of the plasma membrane, where it is anchored through a glycosylphospatidylinositol (GPI) anchor.
Attachment of the GPI anchor to the C-terminus of PrP occurs in the ER by a transamidation reaction, following proteolytic cleavage of the C-terminal signal peptide.
During post translational processing in the secretory pathway, PrP C can also be Nglycosylated with diverse oligosaccharides at two asparagine residues, towards the Cterminal end [6] , and a single disulfide bond is formed, also towards the C-terminus [1] .
Initial studies of the structure of PrP C and PrP Sc were carried out by Fourier transform infra red (FTIR) spectroscopy and indicated that PrP C is composed of around 35% α-helix and a small amount of β-sheet, whereas PrP Sc appears to have elevated levels of β-sheet [7, 8] . Higher resolution studies of PrP C structure have made use of NMR and X-ray crystallographic methods, but have focused almost entirely on analysis of recombinant forms of the protein that lack the lipid anchor and glycosylation. These studies show that PrP has a folded, C-terminal domain, comprising approximately half of the protein's amino acid sequence [9, 10] . This folded domain contains predominantly α-helical structure with a small amount of β-sheet, in line with the early FTIR studies of
The N-terminal half of the protein appears to be flexible and disordered and contains four octa-peptide-repeat regions, which have been shown to bind copper ions [11] [12] [13] [14] . The structure of recombinant PrP is assumed to represent the cellular form of PrP. A recent report on the structure of PrP C purified from healthy calf brains further supports this assumption [15] . In this study the protein is natively folded and retains the two glycosyl moieties but is cleaved from the GPI anchor and therefore released from the membrane surface.
There is no high-resolution structure of PrP Sc , but models have been constructed based initially on accessibility of antibody-binding epitopes and, more recently, on electron crystallographic measurements. The best current models suggest that PrP Sc adopts parallel β-sheet structures with the PrP sequence from residues 89-175 forming a trimeric β-helical conformation, whilst the C-terminal region (residues 176-227) retains the disulfide-linked, α-helical conformation present in PrP C [16, 17] .
The normal cell biology of PrP C involves rapid, constitutive endocytosis from the plasma membrane [18] , an event which requires interaction with additional cell surface molecules. Like other GPI-anchored proteins, PrP C occupies specialised domains on the cell surface known as lipid rafts [19] , but appears to move out of these rafts prior to endocytosis [20] . The conversion from PrP C to PrP Sc is thought to take place either on the cell surface [21] [22] [23] perhaps in lipid rafts [19, [24] [25] [26] [27] [28] , or during internal transit in the endocytic pathway [27, [29] [30] [31] . It is also thought that partial unfolding is necessary, potentially assisted by accessory molecules. If the conversion is indeed a cell surface event, this requires a thorough understanding of the folding and interactions of PrP in its tethered conformation on the plasma membrane.
The interaction of PrP with different lipid components is complex and is not completely understood. Previously, we have shown that anchorless forms of PrP bind to lipid membranes [32] [33] [34] . This interaction involves both an electrostatic and a hydrophobic component. The composition of the membranes and conformation of PrP affect the strength of the binding and the propensity for aggregation of the protein. It was found that membranes can be disrupted by PrP under certain conditions [34] . Also, whereas some membranes lead to extensive aggregation or fibrillization of PrP, other membranes appear to provide protection against conversion [34, 35] .
To date, most structural studies have been carried out on protein that does not contain a lipid anchor. However, as outlined above, there is considerable evidence that membrane anchored forms of PrP are involved in the pathological conversion process.
In order to study the structure of PrP in a context closer to that found in vivo, we have synthesised a GPI-mimetic (GPIm) that can be coupled to the C-terminus of PrP by reaction with the free thiol group of a genetically engineered cysteine residue. Coupling of GPIm to PrP occurs via a disulfide bond formed by nucleophilic attack, by the thiolate anion of the cysteine side chain, on the methane thiosulphonate group of GPIm. The resulting lipid-modified PrP molecule (PrP-GPIm) was reconstituted into different model membranes (Fig. 1) . The structure of PrP-GPIm inserted in lipid membranes was studied by infrared spectroscopy. The lipid composition of the membrane was chosen to represent the cellular environments in which the protein is found in vivo, such as inside or outside lipid rafts.
Results
A previous report by Eberl et al. [36] detailed the characterisation of recombinant PrP inserted in lipid membranes. This protein had a hydrophilic C-terminal extension of five glycines and a cysteine residue, which was coupled to a thiol-reactive lipid, PDP-DHPE
We have used a similar principle to covalently attach a synthetic GPI analogue to the thiol group of an engineered cysteine at the C-terminus of PrP, taking a somewhat different strategy. A cysteine residue replaces serine 231, where the natural GPI anchor is coupled to PrP, and we used a synthetic GPI analogue, which carries a linker region based on ethylene-glycol units (Rullay, Hicks, Pinheiro and Crout, in preparation). This linker places the protein at a distance from the membrane surface similar to that provided by the glycan moiety in the reported natural GPI anchor [37] . Several steps are required to couple the lipid anchor to PrP-S231C. During these steps, it is essential to maintain the single internal disulfide bond in PrP, whilst producing a free thiol moiety at the C-terminal cysteine.
Expression, purification and refolding of PrP-S231C
The C-terminal serine residue of Syrian hamster PrP was altered genetically to a cysteine residue by site-directed mutagenesis to produce the construct SHaPrP-S231C.
The protein was expressed in insoluble inclusion bodies by recombinant BL21Star E.
coli and was solubilized and purified by size exclusion chromatography followed by reversed phase HPLC. After lyophilization, the protein was resuspended in an oxidation buffer containing both oxidised and reduced glutathione using a method modified from
Mo et al. [38] . This reaction produced primarily monomeric PrP containing a single, native, internal disulfide bond with the C-terminal Cys231 protected by a glutathione molecule. This was confirmed by on line HPLC-mass spectrometric (HPLC-MS) analysis ( Fig. 2A) .
The equivalent PrP Cys mutant, PrP(Gly) 6 Cys, of Eberl et al. [36] was refolded by disulfide oxidation on Ni-NTA columns, followed by selective reduction of disulfides in the resulting dimeric species. We attempted the method described in Eberl et al., but found that glutathione mediated re-oxidation formed the correct product more specifically and in significantly higher yields. The glutathione protecting group was removed by brief treatment with DTT, the resulting product was purified by HPLC ( Fig.   2B ) and was found by HPLC-MS analysis to have an intact internal disulfide bond and a reduced C-terminal cysteine (Cys 231) (Fig. 2C ). This process created a reasonable yield of the correctly folded PrP molecule with a free thiol at Cys 231, which we refer to as PrP-React.
Coupling of PrP-React to GPIm
We have synthesised a mimetic of a glycosylphospatidylinositol membrane anchor, GPIm, and the details of this synthesis are the subject of a different manuscript (Rullay, Hicks, Pinheiro and Crout, in preparation). GPIm carries a reactive methane thiosulphonate group, which reacts with the thiolate anion of cysteine residues (see 
Reconstitution of PrP-GPIm into membranes
PrP-GPIm was anchored in lipid membranes through the insertion of the hydrocarbon chains of GPIm into the lipid bilayer. Several methods are commonly used to reconstitute integral membrane proteins and GPI-anchored proteins into membranes [39, 40] . Our approach was to pre-form liposomes, partially disrupt them with detergent and mix with PrP-GPIm. Upon detergent removal, liposomes are re-formed, in which PrP-GPIm is anchored.
The concentration of the detergent octyl-β-D-glucopyranoside (OG) required to induce a phase break in the liposomes was determined by titration of a concentrated stock of OG into a suspension of liposomes [39] . The turbidity was monitored at 350 nm and solubility curves identified for both 1-palmitoyl-2-oleoyl-phosphatidylcholine (POPC) and raft liposomes (Fig. 5 ). The concentration of OG at the midpoint of the transition was found to be 22 mM for POPC and 28 mM for rafts at 20 °C.
After detergent dialysis, reconstituted liposomes containing PrP-GPIm were separated on sucrose gradients and analysed by SDS-PAGE (see Materials and Methods). Eight fractions spanning the entire sucrose gradient were collected and the lipid was visible as a turbid band in the top three fractions for POPC samples and mainly in fraction 3 for raft samples. The majority of PrP-GPIm co-migrated with the liposomes (Fig. 6 ). The fraction of PrP-GPIm that was associated with the liposomes was assessed by densitometry of the bands on the SDS-PAGE gels in the first three lanes as a percentage of the total across all eight sample lanes. Reconstitution efficiencies appeared independent of pH and were ~ 90% for POPC liposomes and ~ 70% for raft liposomes.
Structure of PrP-GPIm in liposomes
The structures of PrP-GPIm and wild type PrP (PrP-WT) in solution were probed by circular dichroism (CD) and attenuated total reflection (ATR) FTIR. The far-UV CD spectrum of PrP-WT shows the typical minima around 208 and 222 nm ( around 1645 cm −1 due to the contribution from both random coil (30%) and α-helical structure (32%). There are also contributions from β-sheet (21%) and β-turns (17%).
Although the levels of β-sheet measured here are greater than the level predicted from NMR structures of the folded C-terminal domain of PrP (residues 90−231) [41] , the differences may be attributable to the adoption of a β-sheet-like extended structure by the N-terminal region of PrP comprising residues 23−90 upon deposition on the ATR crystal. Although the N-terminal region is traditionally thought of as flexible and unstructured, several recent papers have indicated that stable, extended structures are present within this domain [42] [43] [44] . The ATR FTIR spectrum of PrP-GPIm in solution is distinct from that of PrP-WT (Fig. 7B) . Secondary structure calculations suggest that PrP-GPIm in solution has a higher content of β-sheet compared with the anchorless protein (PrP-GPIm has 37% β-sheet compared with 21% in PrP-WT) at the expense of α-helix (32% in PrP-GPIm, 19% in PrP-WT) and some random coil (30% in PrP-GPIm, 23% in PrP-WT).
After insertion of PrP-GPIm into membranes, ATR FTIR spectra were acquired for POPC and raft membranes containing PrP-GPIm at pH 5 and pH 7. The amide I region of the ATR FTIR spectrum for PrP-GPIm inserted in POPC and raft membranes, at pH 5, is shown in Fig. 7B . Insertion of PrP-GPIm into lipid membranes returns the structure of PrP to the original α-helical structure of PrP-WT. Similar spectra were observed for reconstituted PrP-GPIm at pH 7 (data not shown). The secondary structure content, estimated from peak fitting analysis, was found to be very similar to that of PrP-WT.
These results indicate that PrP-GPIm in POPC and raft membranes have a very similar structure and demonstrate that the structure of PrP in these membranes resembles the structure of anchorless protein in solution.
Discussion
Membrane-anchored PrP has a similar structure to soluble anchorless PrP
There are several published methods by which lipid anchored proteins can be reconstituted into liposomes. Reconstitution of proteins into membranes for subsequent structural or functional studies requires that the method used does not perturb the native structure of the protein irreversibly. Most methods involve the use of detergent, which can often adversely affect protein structure [39] . The best method for the reconstitution of a particular protein often has to be determined empirically.
We attempted various methods for reconstituting PrP-GPIm into membranes.
Spontaneous insertion of the lipid-anchored protein into pre-formed liposomes did not occur; this may be due to a low partition energy between PrP-GPIm in solution and PrPGPIm anchored in the membrane. Two observations are consistent with this interpretation: firstly, the lipid-modified protein (PrP-GPIm) was readily soluble in water and secondly, the structure of PrP-GPIm in solution was altered relative to the anchorless protein (PrP-WT) (Fig. 7) . The latter suggests an interaction of the lipid anchor with the protein in the absence of membranes, which may explain why spontaneous membrane insertion of PrP-GPIm was not observed. However, the use of OG promoted the insertion of PrP-GPIm into liposomes, producing a membranereconstituted protein in which the normal, α-helical structure of PrP is restored (Fig. 7B ).
Solution NMR structures of various recombinant forms of prion proteins, all lacking a GPI anchor, have been proposed to represent the structure of the cellular form of PrP anchored in the cell membrane [41, 45, 46] . Furthermore, molecular dynamic calculations revealed that the glycan region in the natural GPI of PrP was highly flexible PrP is localised in phosphatidyl choline-rich lipid environments in the plasma membrane of neurons or within rafts in vivo, the protein has a similar structure to that of the soluble anchorless forms determined by NMR spectroscopy.
Prion conversion and membranes
Cell biology studies implicate the plasma membrane surface as the likely site of prion conversion [19, 48, 49] . Since, the prion protein is predominantly localised within cholesterol and sphingomyelin-rich domains, or lipid rafts, in its cell-anchored form, it has been proposed that PrP conversion is likely to occur in rafts. Several lines of evidence implicate lipid rafts in prion conversion, but their precise role in this process is not fully understood and contradictory reports exist (reviewed in [50] ). Some cell biology experiments appear to indicate that conversion could occur inside rafts whereas others support conversion outside rafts. The precise lipid environment experienced by PrP may be a crucial factor in prion pathogenesis. Recent studies have shown that the prion protein moves out of rafts before being endocytosed and rapidly recycled back to the cell surface [51] . This movement of PrP in and out of rafts exposes PrP to different lipid environments, which could affect the structure of PrP. Furthermore, prion plaques and aggregates extracted from diseased brains have been shown to contain lipids [52] , which further supports the hypothesis that conversion must occur at the membrane surface and lipid may be involved in the actual molecular mechanism of prion conversion. propose that early steps in the conversion of PrP from its cellular, α-helical conformation to altered, β-sheet-rich states, prone to aggregation, may occur outside rafts [50] . Upon re-entry in rafts, β-sheet-rich forms of PrP have higher affinities to raft lipid components and aberrant prion molecules may start to accumulate within rafts, promoting proteinprotein interactions which ultimately result in aggregation and fibrillization of PrP.
We have previously investigated the interaction of soluble, anchorless α-helical
PrP with raft and POPC membranes. In these membranes, anchorless forms of prion proteins either do not directly interact with these lipids or if they do, no detrimental structural changes that would lead to aggregation are induced [34] . In the current study, insertion of lipid anchored construct PrP-GPIm into POPC and raft membranes results in protein that regains its α-helical structure and FTIR spectra of this protein are similar to those of soluble constructs of anchorless PrP. The results suggest that the lipid raft environment protects the α-helical conformation of PrP, in line with our hypotheses that conversion is initiated outside rafts [50] . It remains to be tested whether reconstitution of anchored PrP-GPIm in a lipid environment that resembles that outside rafts alters the structure of PrP.
Materials and methods

Expression and purification of PrP
The plasmid (pTrcSHaPrPMet23-231) encoding the Syrian hamster prion protein was prepared as described previously [53] . The mutant protein PrP-S231C was constructed by site directed mutagenesis of pTrcSHaPrPMet23-231 using a QuikChange® kit 
Oxidation of reduced PrP-S231C
Formation of the native disulfide bond was carried out, using a method modified from Mo et al. [38] . Briefly, reduced PrP-S231C at a concentration of 1 mg/mL in 8 M guanidine 
Synthesis of GPIm
A mimetic of the GPI anchor (GPIm) was synthesised as detailed in Rullay, Hicks, Pinheiro and Crout (in preparation). GPIm contains two palmitoyl chains linked to a hexa-ethylene-glycol linker with a thiosulphonate reactive group (Scheme 1). The product was characterised by mass spectrometry and NMR. 
Liquid chromatography mass spectrometry (LC-MS)
All mass spectrometry was performed in the Proteomics Facility at the Institute for Animal Health as previously described [43] . Briefly, proteinaceous samples were Research, Aliso Viejo CA) and was found to be similar to the pore size of the membrane used for the extrusion process. The change in the size and polydispersity of the liposomes was minimal after 10 extrusion cycles [54] .
Reconstitution of PrP-GPIm into liposomes
Liposomes were titrated at 20 °C with the detergent octyl-β-D-glucopyranoside (OG) (Fluka) and light scattering at 350 nm was followed in a spectrophotometer 
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were collected at room temperature (21 °C) using a 0.1 cm path length quartz cuvette (Starna brand, Optiglass Ltd., Hainault) in a Jasco J-715 spectropolarimeter (Jasco UK, Great Dunmow). The bandwidth was 2 nm and the scanning speed was 200 nm.min −1 with a response time of 1 second and a data pitch of 0.5 nm. Typically, 16 spectra were averaged and buffer baselines were subtracted from the data.
ATR FTIR
Liposomes were deposited on a germanium internal reflection element (IRE) and dried under nitrogen. Spectra were measured using a Vector 22 instrument (Bruker) fitted with a mercury cadmium telluride (MCT) detector. Data are at a resolution of 4 cm −1 and are an average of 1024 spectra collected at room temperature (21 °C). The water vapour signal was removed from the spectra and peak fitting was performed using GRAMS AI software (ThermoGalactic, Salem). Lorentzian curves were fitted to the amide I band of the PrP signal and assigned to a secondary structure type according to Byler and Susi [55] . PrP-React and GPIm was monitored by peak area of the product on an HPLC gradient.
Figure legends
Maximal product was obtained around 70% ethanol. The majority of the protein co-migrated with the liposomes in the sucrose gradient. 
